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inconsistently, often obfuscating the relationship between organisms and the context for experimental 23 results. In this study, we generated core genome alignments for a wide range of genera with classically 24 defined species, including Arcobacter, Caulobacter, Erwinia, Neisseria, Polaribacter, Ralstonia, Thermus, 25 as well as genera within the Rickettsiales including Rickettsia, Orientia, Ehrlichia, Neoehrlichia, 26 Anaplasma, Neorickettsia, and Wolbachia. A core genome alignment sequence identity (CGASI) 27 threshold of 96.8% was found to maximize the prediction of classically-defined species. Using the CGASI 28 cutoff, the Wolbachia genus can be delineated into species that differ from the currently used 29 supergroup designations, while the Rickettsia genus is delineated into nine species, as opposed to the 30 current 27 species. Additionally, we find that core genome alignments cannot be constructed between 31 genomes belonging to different genera, establishing a bacterial genus cutoff that suggests the need to 32 create new genera from the Anaplasma and Neorickettsia. By using core genome alignments to assign 33 taxonomic designations, we aim to provide a high-resolution, robust method for bacterial nomenclature 34 that is aligned with classically-obtained results. 35
IMPORTANCE 36
With the increasing availability of genome sequences, we sought to develop and apply a robust, high-37 resolution method for the assignment of genera and species designations that can recapitulate 38 classically-defined taxonomic designations. We developed genera and species cutoffs using both the 39 length and sequence identity of core genome alignments as taxonomic criteria, respectively. These 40 3 criteria were then tested on diverse bacterial genera with an emphasis on the taxonomy of organisms 41 within the order Rickettsiales, where species designations have been applied inconsistently. Our results 42 indicate that the Rickettsia have an overabundance of species designations and that there are clear 43 demarcations of Wolbachia species that do not align precisely with the existing supergroup 44 designations. Lastly, we find that the current Anaplasma and Neorickettsia genus designations are both 45 too broad and need to be divided. 46 INTRODUCTION 47 10 analysis. Below a CGASI of 97%, classically defined species begin to be separated while organisms 181 classically defined as different species begin to be collapsed. This coincides with the above calculated 182 ANI-equivalent threshold but differs from the above calculated dDDH-equivalent ( Figure 2C) . The dDDH-183 equivalent CGASI threshold of 97.6% failed to predict the classically defined taxa from 100 intraspecies 184 comparisons ( Supplementary Table 3 ) while the ANI-equivalent CGASI threshold of 96.8%failed to 185 predict the classically defined taxa from 41 intraspecies comparisons ( Supplementary Table 4 ). Given 186 these results, we selected the ANI-equivalent CGASI value of ≥96.8% to further analyze these taxa, 187
which results in our recommendation of specific taxonomic changes within the Rickettsiaceae, including 188 underestimated due to >10% of the genome having ambiguous nucleotide positions, leading to large 300 penalties in sequence identity scores, indicating that these methods may not be suited for genomes with 301 large numbers of ambiguous positions. Among the filarial Wolbachia supergroups C and D, the CGASI 302 cutoff of 96.8% would split each of the traditionally recognized supergroups into two groups each, also 303 supported by ANI and dDDH. While wOo and wOv would be the same species, wDi Pavia should be 304 considered a different species. Similarly, wBm and wWb would be considered the same species, while 305 wLs should be designated as a separate species. The wCle, wFol, and wPpe endosymbionts from 306 supergroups E, F, and L, respectively, would all be considered distinct species using CGASI, ANI, or dDDH. 307 The results between CGASI, ANI, and dDDH in supergroup B are discordant. Five of the six supergroup B 308
Wolbachia genomes, all except for wTpre, have CGASI values ≥96.8% when compared to one of the 309 other five, indicating the five genomes are of the same species. However, despite wTpre being 310 considered a different species if the CGASI cutoff of 96.8% is used, a phylogenomic tree constructed 311
using the core genome alignment shows wTpre to be nested within the supergroup B Wolbachia ( Figure  312   6 ). If wTpre is designated as a different species, this would create a paraphyletic clade in the supergroup 313 B Wolbachia, suggesting that wTpre is not a different species, but rather should be included with the 314 other supergroup B Wolbachia as a single species. When assessing the ANI and dDDH values between 315 the supergroup B Wolbachia, only wPip JHB and wPip Pel share both ANI values ≥95% and dDDH values 316 ≥70% with one another (Figure 6) . The remaining three supergroup B Wolbachia, wNo, wStri, and wAus 317
have ANI values ≥95% with some of the other supergroup B Wolbachia while not having a dDDH ≥70% 318 with any other genome, suggesting each supergroup B genome may be a separate species. Currently, 319 the underlying basis for the differences in CGASI, ANI, and dDDH in supergroup B Wolbachia 320 endosymbionts are not apparent. Given tradition, we would recommend caution and label all 321 supergroup B Wolbachia as a single species with a potential re-evaluation in the future. 322
Other taxa 323 16 Overall, there were 41 pairwise comparisons of organisms across diverse taxa including Arcobacter, 324
Caulobacter, Neisseria, Orientia, Ralstonia, and Thermus that are classically defined as the same species 325 but would be classified as distinct species when assessed using our suggested CGASI threshold 326
( Supplementary Table 4 ). Additionally, there were 782 pairwise comparisons of organisms classically 327 defined as different species that this threshold suggests should be the same species, of which only 10 328
were not in the genus Rickettsia, instead belonging to the Arcobacter and Caulobacter (Supplementary 329 Table 5 ). This suggests that using CGASI with this threshold yields robust results. However, as seen with 330 the supergroup B Wolbachia results, using strictly a nucleotide identity-based threshold can lead to 331 paraphyletic groups, such that examination with a phylogenomic tree constructed using the core 332 genome alignment is recommended, as was also observed for Neisseria. 333 A 0.33 Mbp core genome alignment was generated from 66 Neisseria genomes, accounting for 14.7% of 334 the average input genome size. The core genome alignment largely supports the classically defined 335 species including N. meningitidis, N. gonorrhoeae, N. weaveri, and N. lactamica, although Figure 4) . This highlights 342 that while sequence identity cutoffs derived using nucleotide-based pairwise comparisons are important 343 when delineating species, analyses using phylogenomic trees can aid in resolving instances near the 344 CGASI species cutoff to ensure that paraphyletic clades do not occur. The two results are quite 345 complimentary with the core genome alignment being amenable to ML-based phylogenetic approaches. 346
DISCUSSION

347
As noted with the development of MLST (54) , sequence data has the advantages of being incredibly 348 standardized and portable. While MLST methods allow for insight at the sub-species levels of taxonomic 349 classifications, and are heavily relied upon during infectious disease outbreaks, they do not provide 350 sufficient resolution at the species level. Increased resolution is required when inferring evolutionary 351 relationships and can be obtained through the construction of whole genome alignments that maximize 352 the number of evolutionarily informative positions. 353
By generating core genome alignments for different genera, we sought to identify a universal, high-354 resolution method for species classification. Using the core genome alignment, a set of genomes can be 355 analyzed based on both the length and sequence identity of its core genome alignment. The length of 356 the core genome alignment, which reflects the ability for the genomes to be aligned, is informative in 357 delineating genera. Meanwhile, the pairwise comparisons of core genome alignment sequence identity 358
can be used to delineate species, which can in turn be further validated with a phylogenetic analysis that 359 can be used to resolve paraphyletic clades. 360 A current issue of the Mugsy aligner is the inability for the software to scale, being only able to 361 computationally handle subsets of at most ~80 genomes. However, for heavily sequenced genera such 362 as the Rickettsia, future species assignments for novel genomes do not require constructing a core 363 genome alignment from every available genome to infer evolutionary relationships. Instead, we 364 recommend that for each genus, the relevant experts in the community establish and curate a set of 365 trusted genomes with at least one representative of each named species that should be used for 366 constructing core genome alignments. After an initial assessment, refinement could then be made using 367 a core genome alignment with many more genomes from closely related species. 368
Through this work we have identified criteria that largely reconstruct classical species definitions in a 369 method that is transparent and portable. In the course of this work we have identified modifications 370 that need to be made to the species and genus designations of a number of organisms, particularly 371 within the Rickettsiales. While we have identified these instances, we recommend that any changes in 372 nomenclature be addressed by collaborative teams of experts in the respective communities. 373
MATERIALS AND METHODS
374
Core genome alignments 375 Genomes used in the taxonomic analyses were downloaded from NCBI GenBank (55) were calculated for each core genome alignment using IQ-TREE v1.6.2 (60) paired with ModelFinder (61) 384 to select the best model of evolution and UFBoot2 (62) for fast bootstrap approximation. Trees were 385 visualized and annotated using iTOL v4.1.1 (63). Construction of neighbor-network trees were done 386 using the R packages ape (64) and phangorn (65). 387
Core protein alignments
388
Orthologs between complete genomes of the same species were determined using FastOrtho, a 389 reimplementation of OrthoMCL (66) that identifies orthologs using all by all BLAST searches. The amino 390 acid sequences of proteins present in all organisms in only one copy were aligned using MAAFT v7.313 391 (67). For every protein alignment, the best model of evolution was identified using ModelFinder (61) and 392 phylogenomic trees were constructed using an edge-proportional partition model (68) with IQ-TREE 393 19 v1.6.2 (60) and UFBoot2 (62) for fast bootstrap approximation. Comparative analyses of core protein 394 and core nucleotide alignment trees were done using the R packages ape (64) and phangorn (65). 395
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We would like to thank Dr. Joseph J. Gillespie for helpful discussions and encouragement. This work was 397 funded by the National Institute of Allergy and Infectious Diseases (U19AI110820 and color-coded to illustrate the results with respect to cutoffs of ANI ≥95% and dDDH ≥70%. When 638 attempting to construct a core genome alignment using all 30 Anaplasma genomes, only a 20-kbp 639 alignment was generated, accounting for <1% of the average Anaplasma genome size. Therefore, CGASI 640 values were calculated after the Anaplasma genomes were split into two subsets containing (B) twenty 641
A. phagocytophilum genomes, and (C) the remaining ten Anaplasma genomes. Two phylogenomic trees 642 were generated using the core genome alignments from (D) 20 A. phagocytophilum genomes and (E) 643 32 the remaining ten Anaplasma genomes. In all panels, the shape next to each genome denotes genus 644 designations as determined by CGASI while the color of the shape denotes the species as defined by a 645 CGASI cutoff of ≥96.85%. 646
